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Abstract

Nitric oxide (NO) production has been
widely reported to be required for the
induction of long-term potentiation (LTP)
in hippocampal CA1 cells. Of the two
constitutive isoforms of NO synthase, the
endothelial form (eNOS) has been
implicated in the induction of LTP in these
cells. The distribution of eNOS within CA1
cells is not uniform, however, being present
in the cell bodies and apical dendrites but
absent from the basal dendrites. Using
extracellular and intracellular recording
techniques, we demonstrate that LTP
induction in stratum radiatum synapses
(onto apical dendrites) is dependent on NO
production, being attenuated by
pretreatment with a NOS inhibitor. LTP
induced in stratum oriens synapses (onto
basal dendrites) is, however, resistant to
NOS inhibitors. Both forms of LTP require
the activation of N-methyl-p-aspartate
(NMDA) receptors because induction of LTP
in both stratum radiatum and stratum
oriens is blocked by AP5. Thus, it appears
that synapses onto apical and basal
dendrites of CA1 cells use different cellular
mechanisms of LTP induction.

Introduction

The diffusible messenger nitric oxide (NO)
may act as an intercellular signal during the induc-
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tion of long-term potentiation (LTP) in the hip-
pocampus (Bohme et al. 1991; O'Dell et al. 1991;
Schuman and Madison 1991, 1994; Haley et al.
1992). Both the neuronal and endothelial forms of
NO synthase (nNOS/eNOS) are present in hippoc-
ampal CA1l pyramidal cells (Huang et al. 1993;
Chiang et al. 1994; Dinerman et al. 1994; O’Dell et
al. 1994; Wendland et al. 1994). The dominant
isoform in the induction of LYP within CA1 may be
€NOS as nNOS-deficient mice display normal LTP,
the induction of which can be attenuated by pre-
treatment with NOS inhibitors (O'Dell et al
1994). The distribution of eNOS within CA1 pyra-
midal cells is not uniform; the apical dendrites in
stratum (s.) radiatum display immunoreactivity for
eNOS, whereas the basal dendrites in s. oriens ap-
pear to be devoid of the enzyme (Dinerman et al.
1994; O’Dell et al. 1994). Previous studies exam-
ining NO involvement in LTP in CA1l have been
performed in s. radiatum (for example, Bohme et
al. 1991; O'Dell et al. 1991, 1994; Schuman and
Madison 1991, 1994; Gribkoff and Lum-Ragan
1992; Haley et al. 1992, 1993; Williams et al. 1993;
Lum-Ragan and Gribkoff 1993). Because eNOS ap-
pears in apical but not basal dendrites of CA1 py-
ramidal cells, we hypothesized that LTP in s. oriens
should differ from that in s. radiatum in that it
should not be dependent on NO. We have tested
this hypothesis by testing whether LTP induction
in s. oriens is sensitive to selective inhibitors of
NOS.

Materials and Methods

Rat hippocampal slices were prepared from
male Sprague—-Dawley rats (130-300 g) as de-
scribed previously (Madison and Nicoll 1986).
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Briefly, rat brains were removed to normal, ice-
cold, artificial cerebrospinal fluid (ACSF) (compo-
sition in mM: 119 NaCl, 2.5 KCl, 1.3 MgSO,, 2.5
CaCl,, 1 NaH,PO,, 26.2 NaHCO;, 11 and p-glu-
cose), sectioned into 500-pm slices, and stored in
an interface chamber at room temperature
(23*+1°C). A recovery period of >1 hr was al-
lowed; slices were then transferred one by one to
a submersion-type chamber and maintained at
room temperature. Slices were superfused contin-
uously with oxygenated ACSF, and drugs were ap-
plied by adding them to this superfusate.

For extracellular field recordings, stimulating
and recording electrodes were placed in s. radia-
tum and in s. oriens of the CA1 region as illustrated
for individual experiments. Field and intracellular
excitatory postsynaptic potentials (EPSPs) were
recorded following alternate stimulation (100-u
sec duration) of the Schaffer collateral/commis-
sural pathways terminating in either s. oriens or s.
radiatum. Intracellular EPSPs were measured in
impaled CA1 cells in s. pyramidale with sharp mi-
croelectrodes (~100-150 ) filled with 2 M po-
tassium methylsulfate. In extracellular recordings,
the EPSP slope was measured and baseline stimu-
lus intensities set to elicit responses of ~0.2—0.3
mV/ms. Intracellular recordings were performed
with 50 mM QX-314 in the electrode to block
postsynaptic sodium action potentials. When two
stimulating electrodes were used, the indepen-
dence of the two stimulated pathways was con-
firmed by demonstrating a lack of paired-pulse fa-
cilitation across the two stimulating electrodes.
During the experiments, stimuli were alternated,
each every 30 sec. Stimuli were adjusted to give
baseline EPSP amplitudes of ~10 mV. LTP was
elicited by delivering a tetanus (100 Hz for 1 sec,
four times with an intertrain interval of 15 sec or
30 sec) through each stimulating electrode in
turn. Slices were perfused with either ACSF or
ACSF with NO inhibitor for at least 2 hr prior to
tetanus.

For blind experiments, one experimenter (ES)
made ACSF solutions containing either 100 um
N-methyl-L-arginine (L-Me-Arg), 100 pm D-Me-Arg,
100 pM L-NO-Arg, or without NOS inhibitor
(sham). Solutions were made fresh before each
experiment, and each individual solution was
given a computer-generated four-code-letter non-
sense code. Coded solutions were given to an-
other experimenter (DM) who applied them to
slices and assayed the ability of these slices to pro-
duce LTP in response to s. radiatum stimulation.

L E A R N I N G

After completion and analysis of all of the individ-
ual experiments, ES provided a list of which codes
belonged together (i.e., had the same treatment),
without revealing the identity of each group. The
data were then grouped appropriately for ensem-
ble averaging before the code was broken. All val-
ues are expressed as mean*s.EM. Student’s paired
I-tests were used to test significance. P values
>0.05 were considered not significant.

Results

BLIND EXPERIMENTS

Because of the controversy surrounding the
ability of NOS inhibitors to prevent the induction
of LTP (for example, Chetkovich et al. 1993,
Williams et al. 1993; Bannerman et al. 1994a,b;
Cummings et al. 1994), we have repeated some of
our earlier experiments (from Schuman and Mad-
ison 1991), but this time we have done the exper-
iments blind. Stimulating electrodes were placed
in s. radiatum on either side of the recording elec-
trode (Fig. 1A) to give two independent synaptic
pathways. Figure 1B,C shows a typical experiment
in this series. Tetanic stimulation was delivered to
one pathway (chosen at random; 100 Hz for 1 sec,
4 trains, 30 sec apart). Application of the unknown
drug (or sham) was started 30—60 min after the
tetanization of the first pathway. At least 2 hr after
the beginning of this drug (or sham) application,
the other pathway was tetanized. Experiments
were excluded before tetanization if the baseline
was insufficiently stable. After first tetanization, ex-
periments were discarded if the tetanized pathway
(before application of unknown solution) failed to
produce LTP (to ensure that treatment was only
given to slices capable of producing potentiation).
No experiments were excluded after the unknown
solution was applied.

Figure 2 shows the averaged results of the
blind NOS inhibitor experiments. LTP was mea-
sured 1 hr after tetanic stimulation. In sham
treated slices (Fig. 2A), LTP was 139.4+6.2%
(n=8, P<0.002) before treatment and 128.6*
14.9% after treatment (7 =8, P<<0.05). Following
treatment with L-Me-Arg (Fig. 2B), however, LTP
was significantly attenuated, being reduced from
135.2+9.4% (n=10, P<0.002) to 110.5x6.2%
(n=10, not significant). Similarly, after treat-
ment with L-NO-Arg (Fig. 2C), LTP was only
109.7+6.9% (n=8, not significant) compared
with the control value of 148.1+13.9% (n=8,
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Figure 1: Protocol of blind application of NOS inhibitors to hippocampal slices. (A) Diagram of a hippocampal slice
showing the placement of two stimulating electrodes and one recording electrode in s. radiatum. Stim. 1 was placed in
the s. radiatum approximately halfway between s. pyramidale and the hippocampal fissure at the CA1/CA2 border. Stim.
2 was similarly placed but at the subiculum end of CA1. Stimuli were delivered alternately through the two stimulating
electrodes, and the response taken through the common recording electrode. (B,C) After collection of sufficient baseline,
one stimulating electrode was chosen at random for delivery of a tetanic stimulation (100 Hz for 1 sec, 4 trains, 30 sec
apart). After ~1 hr, the unknown solution was applied to the slice for at least 2 hr, and then an identical tetanus was
delivered through the other stimulating electrode. The recording then continued for another hour. (B) Application of the
solution coded HMCM (control ACSF) neither reversed LTP in the first tetanized path, nor did it prevent LTP from occurring
in the second stimulated path. Asterisk (*) indicates where the stimulus was adjusted in the second tetanized pathway to
match the baseline size of responses from the first and second pathway. (C) Application of the solution VOWR (L-Me-Arg,
100 pm) did not reverse LTP induced in the first tetanized path but did prevent LTP in the second tetanized path.

P<<0.02) in the same slices. Treatment with D-Me- evoked EPSPs of the same magnitude as in s. radi-
Arg (Fig. 2D), the inactive isomer, produced a re- atum (s. oriens: 32.4*+34 pA, =8, s. radiatum:
sult not different from sham treatment. L'TP in 246119 pA, n=8, P<0.02). In control slices,
D-Me-Arg was 122.4+15.9% of baseline (n =10, tetanic stimulation resulted in significant po-
P<0.02), compared with 137.3+17.5% in the tentiation of the EPSP that lasted at least 60
controls from the same slices (7 =10, P<0.001). min in both s. radiatum and s. oriens (s. radiatum:

140.3£6.7%; s. oriens: 156.0+13.3% of preteta-
nus baseline at 60 min post-tetanus, #=9), al-
though the magnitude of LTP in s. oriens was gen-
erally greater than in s. radiatum (Fig. 3). Pretreat-
ment of slice with the NOS inhibitor L-NO-Arg

LTP IN S. ORIENS VERSUS S. RADIATUM

In the next series of experiments, we tested attenuated LTP in s. radiatum (111.1%9.3%,
for differences in the NO requirements of LTP in P=0.02 compared with control slices, 7n=8),
excitatory synapses onto the two different den- whereas s. oriens LTP was intact in the same slices
dritic trees of CA1 pyramidal cells. Simultaneous (156.4%17.9%, n=8) (Fig. 3). Intracellular re-
recordings were made of field EPSPs evoked in s. cordings of CAl neurons confirmed that LTP in-
radiatum and s. oriens. A slightly higher stimulus duction in s. oriens is resistant to inhibition by
intensity was required in s. oriens to produce NOS inhibitors (Fig. 4). In each experiment, stim-
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Figure 2: Averaged results of the blind
NOS inhibitor experiments. Each graph
shows ensemble averages of the slope of
EPSP fields taken for the tetanic stimula-
tion given after drug or sham treatment.
This is superimposed on the ensemble av-
erage of traces taken for the tetanic stim-
ulation before drug or sham treatment in
the same slices. Jagged arrow indicates
the “after treatment’” trace. All treatments
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ulus strengths were adjusted to produce roughly
equal control EPSPs in s. oriens and s. radiatum (s.
radiatum: 6*+0.04 mV; s. oriens: 6X0.03 mV;
n=7).In the presence of 100 uMm L-NO-Arg, tetanic
stimulation of s. oriens elicited LTP of intra-
cellularly recorded EPSPs (157.4%20.7%, n=7,
P<0.05), whereas tetanus of s. radiatum failed to
result in significant LTP (123.4*+13.6%, n=7,
P>0.05).

LTP induction in both s. radiatum and s. oriens
requires activation of NMDA receptors. Pretreat-
ment with the NMDA receptor antagonist AP5
blocked LTP induction in both pathways (Fig. 5).
A small amount of depression was observed in
both pathways (s. radiatum: 82.3+5.0% of pretet-
anus baseline at 15 min post-tetanus, £P<0.02,
n=06; s. oriens: 77.7*+4.5%, P<0.01, n=0). Fol-
lowing washout of AP5, LTP could be induced in
both s. radiatum and s. oriens (s. radiatum:
122.2+4.7% of pre-second-tetanus baseline at 30
min post-tetanus, P<0.005, n»=06; s. oriens:
171.3%£16.6%, P<0.02, n=0).

Discussion

Our data shows that NO production is used in
the induction of LTP in s. radiatum but not s.
oriens of area CA1, because NOS inhibitors atten-
uate LTP in s. radiatum but not in s. oriens. Fur-
thermore, the conclusion that s. radiatum LTP is
NO-dependent is bolstered by the finding of our

L E A R N I N G

blind experiments. These two forms of LTP reside
in synaptic pathways that are anatomically similar,
and both require NMDA-receptor activation, un-
like the NO-dependent and -independent LTP seen
in associational-commissural and mossy fiber syn-
apses of area CA3 (Nicolarakis et al. 1994).

A previous study using nNOS knockout mice
has implicated eNOS as the most likely isoform to
be involved in NO production during LTP induc-
tion in CA1 pyramidal cells (O’Dell et al. 1994).
The distributions of nNOS and eNOS are different
within the CA1 cells, with nNOS being found in
cell bodies (Dinerman et al. 1994) and proximal
apical and basal dendrites (Wendland et al. 1994),
whereas eNOS is found in cell bodies and in the
apical dendrites (Dinerman et al. 1994; O'Dell et.
al. 1994). Our physiological findings that LTP is
NO-dependent in s. radiatum but NO-independent
in s. oriens, under the same experimental condi-
tions, are consistent both with the cellular distri-
bution of the eNOS and for a more central role of
eNOS in LTP.

Although our results support a requirement
for NO in LTP of s. radiatum, there have been a
number of reports that LTP in this region does not
require NO or that it does not require NO under
certain experimental conditions such as elevated
experimental temperatures (~30°C; Williams et
al. 1993; Cummings et al. 1994), with GABA an-
tagonists present (O’Dell et al. 1991), in vivo
(Bannerman et al. 1994ab), with weak tetanic
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Figure 3: Pretreatment with the NOS inhibitor L-NO-Arg prevents induction of LTP in s. radiatum but not s. oriens. (A)
Diagram of a hippocampal slice showing the placement of two recording and two stimulating electrodes. Stim. 1 was
placed in the s. radiatum approximately halfway between s. pyramidale and the hippocampal fissure. Stim. 2 was placed
in s. oriens approximately halfway between s. pyramidale and the alveus. Both were placed near the CA1/CA2 border.
Two field electrodes were placed in mid-CA1, one in s. radiatum and one in s. oriens as shown. (B,C) Pathways were
stimulated alternately, and tetanic stimulation was applied at the arrows. (Insets) Representative field EPSP waveforms
before and 60 min following tetanus of the relevant pathway (a—d). (B) In the absence of inhibitor, at 60 min post-tetanus,
both s. radiatum and s. oriens EPSP slopes were significantly greater than baseline (P<0.005, n=9). (C) Pretreatment in
100 um L-NO-Arg resulted in significantly increased EPSP slope 60 min post-tetanus in s. oriens (P<<0.01) but not in s.
radiatum (n = 8). Inhibitor was applied throughout the experiments in C. Student’s paired one-tailed t-test on nonnormal-
ized data.

stimulation (Gribkoff and Lum-Ragan 1992; Lum- radiatum oriens
Ragan and Gribkoff 1993), or with strong tetanic
stimulation (Haley et al. 1993). In our current ex-
periments, the stimulus was adjusted to give equal-
sized control field potentials in s. oriens and s.
radiatum. This generally required a higher stimu-
lus intensity to achieve the same field EPSP in s.
oriens, raising the possibility that the survival of s.
oriens LTP in NOS inhibitors could be attributable
to a “stronger” tetanus being delivered there. De-
spite the fact that the field potentials were equal in
s. oriens and s. radiatum, differing dendritic mor-
phologies could possibly make an equal-size field
potential more effective in causing postsynaptic
depolarization and, thus, LTP, in s. oriens. How-
ever, because the difference in LTP between s.
oriens and s. radiatum persists in intracellular re-
cordings, where the control EPSPs were matched
in depolarizing amplitude, this seems highly un-
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Figure 4: Intracellular recording of CA1 neuron. The
electrode placement is the same as in Fig. 3, except
there was only a single recording electrode, intracellular
in mid-CA1 s. pyramidale. A 2-hr application of 100 pm
L-NO-Arg in the perfusate prevented the induction of

likely. In addition, a previous study (Williams et al. LTP following tetanus (arrow) in s. radiatum (O) but not
1993) has shown, under experimental conditions s. oriens (@). At 60 min post-tetanus, potentiation above
similar to our own, that LTP of various amplitudes pretetanus baseline was significant in s. oriens (P<0.05)
were equally effected by NOS inhibitors. but not in s. radiatum (n=7).
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Figure 5: LTP induction in both s. radiatum and s.
oriens depends on NMDA receptor activation. AP5 (50
pM) prevented LTP induction in both pathways follow-
ing tetanus (arrows). Washout of the antagonist and ap-
plying tetanus again resulted in significant potentiation
in s. radiatum (O, P<0.005) and s. oriens (@, P<<0.02)
(n=6). Data were renormalized following AP5 washout
and prior to second tetanus applications, for clarity.

Several possibilities might account for the ap-
parent ability of different experimental conditions
to render NOS inhijbitor more or less effective.
One such explanation is that there may be two
forms of LTP in s. radiatum—one that requires NO
and one that does not—with each form of LTP
being preferentially expressed under different ex-
perimental conditions. Arguing against this is that
we find NO-insensitive LTP to be largely absent in
s. radiatum under the same experimental condi-
tions and in the same slices, where it is fully
present in s. oriens. Another explanation could be
that experimental conditions that tend to increase
the spatial spread of tetanic stimulation may re-
cruit synapses at more distant sites that exhibit
NO-independent LTP.

It is interesting to speculate on whether the
mechanistic differences between these two sets of
synapses reside in the pre- or postsynaptic cell.
However, there is no particularly telling informa-
tion about this issue in these data. One obvious
difference between the s. radiatum and s. oriens is
the lack of NO in the postsynaptic dendrites of s.
oriens. However, the mere lack of NO does not
provide any information about the mechanism of
LTP in the s. oriens. Because the presynaptic ter-
minals in s. oriens and s. radiatum arise mostly
from contralateral and ipsilateral CA3 pyramidal
cells, respectively (Blackstad 1956; Swanson et al.
1978; Laurberg 1979; Van Groen and Wyss 1988;
Ishizuka et al. 1990), there is also no reason to
suppose that there are presynaptic mechanistic

L E A R N I N G

differences in the two sets of synapses. Given the
anatomical similarity of inputs to s. radiatum and s.
oriens, the question arises as to just how different
the LTPs found in these two areas are. The differ-
ences between s. oriens and s. radiatum LTP do
not extend to all aspects of the induction process
as LTP in both pathways is blocked by pretreat-
ment with the NMDA receptor antagonist AP5.
Thus, these two forms of LTP may be essentially
identical, differing only in that the role of NO is
simply filled by another similar molecule in s.
oriens. Alternately, the difference may be more
fundamental in that whatever process is subserved
by NO in s. radiatum is absent from LTP in s.
oriens. For example, in s. radiatum, LTP may use a
retrograde messenger, whereas s. oriens does not.

The fact that there are two types of LTP raises
the possibility that they might process information
differently or be differentially modulated. It re-
mains to be determined what purpose could be
served by a system that discriminates between in-
puts onto different dendrites. It should be noted,
however, that the proportion of terminals arising
from the contralateral CA4/CA3 cells in the rat is
higher in s. oriens than in s. radiatum (Swanson et
al. 1978; Laurberg 1979; Van Groen and Wyss
1988). Thus, one possibility is that the two types
of LTP serve to process the inputs arriving from
the two sides of the brain differently. LTP in s.
radiatum can be communicated between synapses
on different cells by a mechanism that depends on
NO. It will be interesting to test whether this dis-
tribution of LTP is absent from synapses that do
not utilize NO. This would confer fundamentally
different properties on activity-dependent plastic-
ity in synapses on different dendritic trees of the
same cell.
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